
 

APPENDIX E—EQUIVALENT INITIAL FLAW SIZE 

This appendix contains the equivalent initial flaw size (EIFS) specimen drawings, strain gage 
locations, inspection area and rivet numbering, nondestructive inspection references, scanning 
electron microscope (SEM) results, measured specimen dimensions, finite element method stress 
plots, strain survey, residual strength caused by rivet installation, average EIFS sizes, crack 
growth histories and the correlation, as discussed in section 6.   
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FIGURE E-1.  EQUIVALENT INITIAL FLAW SIZE PANEL ASSEMBLY DRAWINGS  
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FIGURE E-1.  EQUIVALENT INITIAL FLAW SIZE PANEL ASSEMBLY DRAWINGS 
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FIGURE E-1.  EQUIVALENT INITIAL FLAW SIZE PANEL ASSEMBLY DRAWINGS 
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FIGURE E-1.  EQUIVALENT INITIAL FLAW SIZE PANEL ASSEMBLY DRAWINGS 
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FIGURE E-1.  EQUIVALENT INITIAL FLAW SIZE PANEL ASSEMBLY DRAWINGS 
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FIGURE E-1.  EQUIVALENT INITIAL FLAW SIZE PANEL ASSEMBLY DRAWINGS 
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FIGURE E-1.  EQUIVALENT INITIAL FLAW SIZE PANEL ASSEMBLY DRAWINGS 
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FIGURE E-1.  EQUIVALENT INITIAL FLAW SIZE PANEL ASSEMBLY DRAWINGS 
(Continued) 

E-14 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE E-1.  EQUIVALENT INITIAL FLAW SIZE PANEL ASSEMBLY DRAWINGS 
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FIGURE E-2.  STRAIN GAGE LOCATIONS FOR EIFS PANELS  
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FIGURE E-2.  STRAIN GAGE LOCATIONS FOR EIFS PANELS (Continued) 
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FIGURE E-2.  STRAIN GAGE LOCATIONS FOR EIFS PANELS Continued) 
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FIGURE E-3.  EIFS PANELS INSPECTION AREA AND RIVET NUMBERING  
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FIGURE E-3.  EIFS PANELS INSPECTION AREA AND RIVET NUMBERING (Continued) 
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FIGURE E-3.  EIFS PANELS INSPECTION AREA AND RIVET NUMBERING (Continued) 
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FIGURE E-4.  DESCRIPTION OF 0.063-inch SKIN REFERENCE STANDARD 
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FIGURE E-5.  DESCRIPTION OF 0.090-inch SKIN REFERENCE STANDARD 
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FIGURE E-6.  DESCRIPTION OF EDM INSTALLATION FOR (3 ROWS) 0.063-inch 
SKIN ASSEMBLY 

 

 
 

FIGURE E-7.  FRONT PANEL OF THE ROTATING PROBE SYSTEM DISPLAY 
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Figure E-8 contains the data obtained during the SEM fractographic investigation of all EIFS 
panel fracture surfaces for which marker bands could be detected. 
 
The crack naming convention is as follows: 
 
E.1.1  3C14R  
 
 
 Hole Side (Left or Right) 

Hole Number (Left to Right) 

Rivet Row 

EIFS Specimen Number 

 
 
 
 
 
The parameters in the table are: 
 
Groups - Number of marker cycle blocks, either 10, 4, or 6 blocks (see section 6.5)  
y          - The distance from the faying surface to the crack front in the thickness direction (mm) 
c1        - Crack length (mm) 
 
 

Y

 
 
 
 
 C1 
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FIGURE E-8.  EIFS PANELS SEM CRACK GROWTH DATA 
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FIGURE E-8.  EIFS PANELS SEM CRACK GROWTH DATA (Continued) 
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FIGURE E-8.  EIFS PANELS SEM CRACK GROWTH DATA (Continued) 
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FIGURE E-8.  EIFS PANELS SEM CRACK GROWTH DATA (Continued) 
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FIGURE E-8.  EIFS PANELS SEM CRACK GROWTH DATA (Continued) 
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FIGURE E-8.  EIFS PANELS SEM CRACK GROWTH DATA (Continued) 
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FIGURE E-8.  EIFS PANELS SEM CRACK GROWTH DATA (Continued) 
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FIGURE E-8.  EIFS PANELS SEM CRACK GROWTH DATA (Continued) 
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FIGURE E-8.  EIFS PANELS SEM CRACK GROWTH DATA (Continued) 
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FIGURE E-8.  EIFS PANELS SEM CRACK GROWTH DATA (Continued) 
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FIGURE E-8.  EIFS PANELS SEM CRACK GROWTH DATA (Continued) 
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FIGURE E-8.  EIFS PANELS SEM CRACK GROWTH DATA (Continued) 
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FIGURE E-8.  EIFS PANELS SEM CRACK GROWTH DATA (Continued) 
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FIGURE E-8.  EIFS PANELS SEM CRACK GROWTH DATA (Continued) 
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FIGURE E-8.  EIFS PANELS SEM CRACK GROWTH DATA (Continued) 
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FIGURE E-8.  EIFS PANELS SEM CRACK GROWTH DATA (Continued) 
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FIGURE E-9.  MEASURED EIFS SPECIMEN DIMENSIONS 
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FIGURE E-9.  MEASURED EIFS SPECIMEN DIMENSIONS (Continued) 
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FIGURE E-9.  MEASURED EIFS SPECIMEN DIMENSIONS (Continued) 
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FIGURE E-9.  MEASURED EIFS SPECIMEN DIMENSIONS (Continued) 
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FIGURE E-9.  MEASURED EIFS SPECIMEN DIMENSIONS (Continued) 
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FIGURE E-9.  MEASURED EIFS SPECIMEN DIMENSIONS (Continued) 
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FIGURE E-9.  MEASURED EIFS SPECIMEN DIMENSIONS (Continued) 
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FIGURE E-9.  MEASURED EIFS SPECIMEN DIMENSIONS (Continued) 
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FIGURE E-9.  MEASURED EIFS SPECIMEN DIMENSIONS (Continued) 
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FIGURE E-9.  MEASURED EIFS SPECIMEN DIMENSIONS (Continued) 
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FIGURE E-9.  MEASURED EIFS SPECIMEN DIMENSIONS (Continued) 
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FIGURE E-9.  MEASURED EIFS SPECIMEN DIMENSIONS (Continued) 
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FIGURE E-9.  MEASURED EIFS SPECIMEN DIMENSIONS (Continued) 
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FIGURE E-9.  MEASURED EIFS SPECIMEN DIMENSIONS (Continued) 
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FIGURE E-9.  MEASURED EIFS SPECIMEN DIMENSIONS (Continued) 
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FIGURE E-9.  MEASURED EIFS SPECIMEN DIMENSIONS (Continued) 
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The following pages contain the stress fringe plots for the EIFS finite element models, which are 
detailed in section 6.10.4.  
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FIGURE E-10.  STRESS DISTRIBUTION FOR SKIN, 10 ksi—TYPE 2 EIFS 

TEST SPECIMEN 
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FIGURE E-11.  STRESS DISTRIBUTION FOR SKIN, WITH EDGE BOUNDING, 10 ksi—
TYPE 2 EIFS TEST SPECIMEN 
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FIGURE E-12.  STRESS DISTRIBUTION FOR SKIN, WITH EDGE BOUNDING, 10 ksi—
TYPE 3 EIFS TEST SPECIMEN 
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FIGURE E-13.  STRESS DISTRIBUTION FOR SKIN, 10 ksi—TYPE 4 EIFS 
TEST SPECIMEN 

 

Principal Stress

Doubler - Layer #1

Fingered Doubler - Layer #2  
 

FIGURE E-14.  STRESS DISTRIBUTION FOR DOUBLERS, 10 ksi—TYPE 4 EIFS 
TEST SPECIMEN 
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The following pages contain the strain predictions and measured results for the EIFS panels, 
which are detailed in section 6.10.4.  
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FIGURE E-15.  PREDICTED STRAIN FOR EIFS TYPE 1 EIFS PANELS 

E-62 



 

 

Predicted Gage 5/6 and 7/8

-500

0

500

1000

1500

2000

2500

0 5 10 15 20 25 30

Applied Load (1000 lbs)

St
ra

in
 x

10
e6

 in
./i

n.

Tension 7/8
Benging 7/8

Predicted Gage 3/4 and 9/10

-500

0

500

1000

1500

2000

2500

0 5 10 15 20 25 30

Applied Load (1000 lbs)

St
ra

in
 x

10
e6

 in
./i

n.

Tension 9/10
Benging 9/10

Predicted Gage 15/16 and 17/18

-1000

-500

0

500

1000

1500

2000

2500

0 5 10 15 20 25 30

Applied Load (1000 lbs)

St
ra

in
 x

10
e6

 in
./i

n.

Tension 17/18
Benging 17/18

Predicted Gage1/2 and 11/12

-500

0

500

1000

1500

2000

2500

0 5 10 15 20 25 30

Applied Load (1000 lbs)

St
ra

in
 x

10
e6

 in
./i

n.

Tension 11/12
Benging 11/12

Predicted Gage 13/14 and 19/20

-1000

-500

0

500

1000

1500

2000

2500

0 5 10 15 20 25 30

Applied Load (1000 lbs)

St
ra

in
 x

10
e6

 in
./i

n.
Tension 19/20
Benging 19/20

Predicted Gage 21/22 and 23/24

0

500

1000

1500

2000

2500

0 5 10 15 20 25 30

Applied Load (1000 lbs)

St
ra

in
 x

10
e6

 in
./i

n.

Tension 23/24
Benging 23/24

 
 

FIGURE E-16.  PREDICTED STRAIN FOR EIFS TYPE 2 EIFS PANELS 
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FIGURE E-17.  PREDICTED STRAIN FOR EIFS TYPE 3 EIFS PANELS 
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FIGURE E-18.  PREDICTED STRAIN FOR EIFS TYPE 4 EIFS PANELS 
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Example of bearing stress factor and bypass stress factor calculation. 
 
 
From figure 6-12, the fastener loads 
for the fastener rows B, C, and D in 
layer 5 (skin) are listed below: 

Row 
B

Row 
C

Row 
D

10 ksi1.50”

,81”

Layer 4, doubler

Layer 5, Skin

PC PB

PA

A

A

B

B

C

C

Row 
B

Row 
C

Row 
D

10 ksi1.50”

,81”

Layer 4, doubler

Layer 5, Skin

PC PB

PA

A

A

B

B

C

C

 
 At Row B  Fb=121 lbs 
 At Row C  Fc=225 lbs 
 At Row D  Fd=210 lbs 
 
 
 
 
 
 
 
 
 
 
 
 
The bearing stress at each fastener row can be calculated as shown below: 
 
 At Row B  σb=121 lbs/0.1563″/0.063″ =12,288 psi  
 At Row C  σb=225 lbs/0.188″/0.063″ =18,997 psi  
 At Row D  σb=210 lbs/0.188″/0.063″ =17,730 psi  

 
Where 0.1563″ and 0.188″ are the respective fastener diameters and 0.063″ is the 
thickness of the skin. 

 
The total force per linear length, PA, applied at the right end of the skin and the internal forces PB 
and PC at sections B-B and C-C, respectively, are shown below: 
  
 PA = 0.063″ x 10,000 psi = 630 lbs/in. 
 PB = 630 lbs/in - 121 lbs/1.5″ = 630 lbs/in - 80.67 lbs/in = 549.3 lbs/in  
 PC = 549.3 lbs/in - 225 lbs/0.81″ = 549.3 lbs/in - 277.8 lbs/in =316.5 lbs/in  
 
The average bypass stresses at sections B-B and C-C can be calculated as shown below:  
 
 At section B-B σbp= 549.3 lbs/in/0.063 in. = 8719 psi  
 At section C-C σbp= 316.5 lbs/in/0.063 in. = 5024 psi  
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At fastener row B 
 
 The bearing stress factor = 12,280 psi/10,000 psi = 1.228 
 The bypass factor = 8719 psi/10,000 psi = 0.872 
 
At fastener row C 
 
 The bearing stress factor = 18,997 psi/8,719 psi = 2.18 
 The bypass factor = 5024 psi/8719 psi = 0.576 
 
At fastener row D 
 
 The bearing stress factor = 17,730 psi/5,024 psi = 3.53 
 The bypass factor = 0 psi/5,024 psi = 0.00 
 
E.1  ORIGINAL CRACK GROWTH ANALYSIS. 

Formulation of Geometric Correction Factor, β. 

The Newman-Raju∗ K solution for symmetric corner cracks emanating from an open hole 
subjected to far-field tensile and bending was used as the basic crack growth model.  To account 
for the effects that are pertinent to crack growth in a countersunk hole subjected to far-field 
stress, bending stress, bypass and bearing stresses, and preload caused by rivet squeezing force, 
the geometry correction factors were modified to include all of these factors, as shown in figures 
E-20 and E-21. 

In the closure-based crack growth model, the crack growth rate is expressed as a function of the 
effective stress-intensity factor (SIF) range (∆Keff):  

 ( )effKfda/dN ∆=   
and 

 aK effTotaleff πσβ ∆=∆   
 
where ∆σeff is the effective range of a reference stress, without considering the effects of preload 
in the riveted joint.  The effective SIF ∆Keff is further modified to include the effects of the rivet 
contact forces in the FASTRAN-II code.  The procedure to include the effects of the contact 
stress is discussed in the next section.  The extreme fiber stress, including tensile and bending 
 

                                                 
∗Newman, J. C., Jr. and Raju, I. S. (1984), “Stress-Intensity Factor Equations for Cracks in Three-Dimensional 
Finite Bodies Subjected to Tension and Bending Loads,” NASA-TM-85793. 
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stress, is used as the reference stress.  The βTotal is the compounded geometry correction factor.  
βTotal is expressed as follows: 

 LHneatfitfwcskTotal βββββ ×××=  
 
where 
 

βcsk  = The countersunk hole correction factor.  The correction factor is based on the 
published FAA report DOT/FAA/CT-93/68 for a corner crack emanating 
from an open countersunk hole subjected to far-field tensile stress.  The βcsk 
factor is normalized to the well-known Newman-Raju solution of 
symmetrical corner cracks emanating from a straight shank, open hole 
subjected to far-field tensile stress.  The normalized correction factors for the 
countersunk hole are shown in table E-1. 

βneatfit = The correction factor accounting for a through-the-thickness crack 
emanating from a hole filled with a close-tolerance fastener, under far-field 
tensile stress. The factor was derived based on a two-dimensional finite 
element model.  This factor is approximately 0.77 when the crack is small 
and quickly approaches 1.0 as the crack becomes larger.  For the depth 
direction, this factor remains approximately 0.77. 

βfw  = The correction factor accounting for adjacent crack tips in a series of 
periodic, colinear, equal-sized cracks.  Treating the individual periodic crack 
as a single crack in a narrow strip of tensile specimen, the βfw is the same as 
the finite width correction factor for a middle-crack tension (M(T)) 
specimen.  The width of the M(T) specimen is equal to the pitch of the 
fasteners, such that 

 
 ))(P/acsc(fw πβ =  
 

  This correction factor is applied to the surface crack tip only.  P is the pitch 
of the fasteners. 

βLH = The compounded solution for a symmetrical corner crack emanating from a 
loaded hole.  The solution is based on Newman-Raju’s solution for an open 
hole modified to include the effects of the bearing as follows: 

 ( ) ( ) 




 ++××−= ×

bowie

newman
brngbypassbndgLH FF.F β

ββ 15001  

where βnewman is the Newman-Raju solution for symmetrical corner cracks from an open hole and 
βbowie is Bowie’s solution for symmetrical through-the-thickness cracks for an open hole.  Fbndg is 
the bending stress factor, Fbypass is the bypass stress factor, and Fbrng is the bearing stress factor. 
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FIGURE E-19.  ANALYTICAL CRACK GROWTH MODEL FOR EQUAL-SIZED 

COLINEAR HOLES WITH MSD 

(a) Rivet Hole Model 
(FAA) 

(b) Normalizing Model 
(Newman-Raju) 

Note:  Correction factors from the countersunk hole (a) to be normalized to that of Newman-Raju’s model (b)  

FIGURE E-20.  GEOMETRY CORRECTION FACTOR FOR COUNTRSUNK 
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TABLE E-1.  NORMALIZED GEOMETRY CORRECTION FACTOR FOR 
COUNTERSUNK HOLES 

 
(a)  Correction factor for the crack length (c) at location 3 in figure E-20  

 

  Crack Depth/Thickness (a/t) 

  0.20 0.30 0.40 

0.40 1.12 1.15 1.10 

0.70 1.22 1.18 1.20 

C
rack 

depth/Length 
(a/c) 

2.00 0.99 1.04 1.08 
 

(b)  Correction factor for the crack depth (a) at location 3 in figure E-20 
 

  Crack Depth/Thickness (a/t) 

  0.20 0.30 0.40 

0.40 1.15 1.14 1.11 

0.70 1.18 1.17 1.14 

C
rack 

depth/Length 
(a/c) 

2.00 1.04 1.11 1.17 
 
E.2  EFFECTS OF THE RIVET SURFACE CONTACT STRESS. 

The effects of the residual stress in the fastener hole, as a result of rivet installation, is a very 
complex problem for the following reasons:  (1) the actual residual stress is difficult to 
determine, (2) the contact force distribution is not linear in respect to the various external loads, 
and (3) the pattern of contact force changes as the crack size changes.  However, some attempts 
were made during this widespread fatigue damage program to include these effects in the crack 
growth equation.   

When a preload is present, the general equation for stress-intensity factor aK Total πσβ=  is no 
longer true, because K is now a function of the preload stress, the local bearing stress, and the 
far-field reference stress.  Making the solution more difficult is the fact that the relation among 
these stresses, and the relation between any type of stress and the crack length, are mostly 
nonlinear in nature.  For example, even a small variation in the far-field stress level sometimes 
changes the local stress distribution pattern completely.  Therefore, with preload, the effective 
stress-intensity factor range can only be expressed as, , where the K'xeff KKK ′−′=∆ max max and K'x 
correspond to the K under maximum and minimum far-field stress.  Kmax and Kx can only be 
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determined on a case by case basis, according to the magnitude of prestress, the magnitude of 
far-field stress, and the a/R ratio (a: crack length, R: hole radius).  The following steps outline 
the procedures required to determine the , and to implement it into the FASTRAN-II code. effK∆

E.2.1  Step 1:  Determine the Residual Stress in the Riveted Joint. 
 
The effect of diametric expansion of the rivet during installation is very similar to that of a 
fastener in an interference-fit hole.  The level of the interference in the riveted joint was 
investigated using the computer code NIKE2D.  The strain and stress in a rivet during and after 
the installation can be analyzed by applying a compressive load to the initially undeformed rivet 
until a 30% upset is reached.  This analysis effort was funded by Boeing’s internal IRAD.  The 
predicted residual stress in the hoop and radial direction are shown in figures E-21 and E-22, 
respectively.  The results indicated that there is a contact stress, approximately 7 ksi, at the shank 
of the fastener.   
 
E.2.2  Step 2:  Determine the Corresponding Interference-Fit Level of the Residual Stress. 
 
This 7-ksi stress level corresponds to an approximate 0.15% interference between the fastener 
and the hole, based on the classic solution for oversized fasteners.  The interference is defined as  
(do-di)/di, where do is the diameter of the fastener before installation, and di is the diameter of the 
hole.  This 0.15% interference is subsequently used in the crack growth analyses.   
 
E.2.3  Step 3:  Determine the Kmax and Kmin as a Function of Interference-Fit Levels, Crack 
Length, and Applied Stress. 
 
The effects of the interference fit on the K solution were analyzed using a NASTRAN finite 
element model, as shown in figure E-23.  The model represented a strip of skin containing only 
one hole.  Symmetry boundary conditions are applied to the two lateral edges simulating an 
infinitely repeated fastener hole pattern.  The ratio between the width of the strip and the hole 
radius resulted in a bearing stress factor of 2.4 and a bypass stress factor of 0.66.  The 
interference between the fastener and the hole was simulated by applying an elevated 
temperature to the fastener.  Four interference levels were considered:  0%, 0.15%, 0.50%, and 
1%, under two far-field stress levels:  15 ksi (max stress) and 1.5 ksi (min stress).  The stress 
contour and the deformed shapes of symmetrical cracks emanating from the hole under various 
load cases are shown in figure E-24 for preload only and for maximum applied stress.  
 
The effects of the interference on the K solution as a function of crack length are plotted in 
figure E-25.  The effects of the interference for a constant crack length can be seen in 
figure E-26.  This figure shows that for a/R = 0.125 with 15-ksi far-field tensile stress, the SIF 
decreases initially for interference less than 0.5% and then increases as the level of interference 
increases.  The normalized K solution for various crack lengths under three interference levels 
are shown in figure E-27 for the case with 15-ksi tensile stress and in figure E-28 for the case 
with 1.5-ksi tensile stress.   
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E.2.4  Step 4:  Determine the Effective ∆K for Interference-Fit Hole. 
 
The crack growth rates in the closure-based model are a function of the effective SIF range, 
∆Keff, which, in turn, is a function of the effective stress range, a)(K xmax πσσ −=∆ , as shown 
in figure E-29.  For cases with fastener preload, ∆Keff is expressed as the modified K'max and K'x, 
where Kx is the larger of K'min or K'open, as shown in figure E-30.  
 
The effective SIF range for the preloaded hole is:  
 
  (E-1)  max xeff KKK ′−′=∆

 
by substituting K'max and K'x with modified reference stresses, one has  
 

 aK πβσ maxmax ′=′  (E-2) 
 

 and aK xx πβσ ′=′  (E-3) 
 
where 
 

 






 ′
=′

max

max
maxmax K

K
σσ  (E-4) 

 
and  
 

 






 ′
=′

max

min
K
K

xx σσ  (E-5) 

 
σx is the larger of σmin or σopen.  
 
By substituting the reference stress (σmax, σmin) with modified stresses (σ'max,σ'min), the effects of 
the preload can be included in the closure-based crack growth model.  The ratio of 

max
max

K
K ′  for 

15 ksi, and 
max

min
K

K ′ for the 1.5 ksi case, are shown in figures E-27 and E-28, respectively.  An 

example of the preload effects on the crack growth prediction is depicted in figure E-31.  The 
analyses indicated that as one would have expected, the crack growth lives increase with higher 
level of interference.  
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FIGURE E-21.  RESIDUAL STRESS IN THE RADIAL DIRECTION 
DUE TO INSTALLATION 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
FIGURE E-22.  RESIDUAL STRESS IN THE TANGENTIAL DIRECTION 

DUE TO INSTALLATION 
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FIGURE E-23.  FINITE ELEMENT MODEL FOR EFFECTS OF INTERFERENCE FIT 

TO THE SIF 
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FIGURE E-24.  STRESS CONTOUR AND DEFORMED SHAPE OF FASTENER HOLE 
WITH VARIOUS INTERFERENCE FIT 
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FIGURE E-25.  EFFECTS OF INTERFERENCE FIT TO THE SIF 
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FIGURE E-26.  EFFECTS OF INTERFERENCE FIT FOR A CONSTANT CRACK LENGTH 
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FIGURE E-27.  NORMALIZED SIF UNDER 15 ksi FAR-FIELD STRESS 
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FIGURE E-28.  NORMALIZED SIF UNDER 1.5 ksi FAR-FIELD STRESS 
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FIGURE E-29.  ORIGINAL CLOSURE-BASED CRACK GROWTH RATE EQUATIONS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 ′ 
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FIGURE E-30.  MODIFIED CRACK GROWTH RATE EQUATION IN 
CLOSURE-BASED CODE 
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FIGURE E-31.  COMPARISON OF CRACK GROWTH WITH/WITHOUT 

INTERFERENCE FIT 
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The following pages contain the comparison of the measured crack growth history and the 
collapsed crack growth history for EIFS test panels, which were discussed in section 6.10.5.2. 
 

TABLE E-2.  MODIFED NUMBER OF CYCLES 
 

Crack Location 
Modified 
Cycles 

03C14R 147079 
03C17R 110886 
03D13R 157873 
03D15L 76578 
03D15R 83602 
04C09R 121879 
04C10R 124113 
04C11R 127026 
04C12R 122870 
07A06L 26438 
07A06R 19200 
07A07L 30412 
07A07R 54134 
07A08L 96503 
07A12R 33201 
07A13R 46681 
07A14L 12576 
07A14R 26338 
07A15R 35948 
07A16L 26730 
07A16R 104195 
07A17L 44193 
07A17R 16292 
15E02R 149639 
15E11R 115205 
15E02R 149639 
15E11R 115205 
15E16L 148994 
15E16R 111282 

 

Crack Location 
Modified 
Cycles 

15E16L 148994 
15E16R 111282 
15E20L 113105 
15E26R 120876 
15E28R 164982 
08A10L 65029 
08A10R 65290 
08A19L 84339 
09A05L 459985 
09A05R 468512 
10F05R 105134 
10F06L 95609 
10F06R 90114 
10F07L 99483 
10F07R 97410 
10F08L 88216 
10F08R 101305 
10F10R 82816 
11F06L 116718 
11F06R 106207 
11F07L 116368 
11F07R 115643 
11F08L 123908 
11F08R 123995 
11F09R 107679 
11F10R 111206 
15E20L 113105 
15E26R 120876 
15E28R 164982 
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FIGURE E-32.  CRACK GROWTH HISTORY FOR EIFS-3, ROW C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIGURE E-33.  MODIFIED CRACK GROWTH HISTORY FOR EIFS-3, ROW C 
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FIGURE E-34.  CRACK GROWTH HISTORY FOR EIFS-3, ROW D 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIGURE E-35.  MODIFIED CRACK GROWTH HISTORY FOR EIFS-3, ROW D 
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FIGURE E-36.  CRACK GROWTH HISTORY FOR EIFS-4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIGURE E-37.  MODIFIED CRACK GROWTH HISTORY FOR EIFS-4 
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FIGURE E-38.  CRACK GROWTH HISTORY FOR EIFS-7  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

FIGURE E-39.  MODIFIED CRACK GROWTH HISTORY FOR EIFS-7 
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FIGURE E-40.  CRACK GROWTH HISTORY FOR EIFS-8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIGURE E-41.  MODIFIED CRACK GROWTH HISTORY FOR EIFS-8 

Modified No. of Cycles 
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FIGURE E-42.  CRACK GROWTH HISTORY FOR EIFS-9 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

FIGURE E-43.  MODIFIED CRACK GROWTH HISTORY FOR EIFS-9 
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FIGURE E-44.  CRACK GROWTH HISTORY FOR EIFS-10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIGURE E-45.  MODIFIED CRACK GROWTH HISTORY FOR EIFS-10 
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FIGURE E-46.  CRACK GROWTH HISTORY FOR EIFS-11 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

FIGURE E-47.  MODIFIED CRACK GROWTH HISTORY FOR EIFS-11 

Modified No. of Cycles 
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FIGURE E-48.  CRACK GROWTH HISTORY FOR EIFS-15 
 

 
 

Modified No. of Cycles 

FIGURE E-49.  MODIFIED CRACK GROWTH HISTORY FOR EIFS-15 
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TABLE E-3.  AVERAGE EIFS FOR EIFS-3  
 

Crack ID No. of Data EIFS Based on βu EIFS Based on βu7 
03C14R 5 6.39E-04 5.15E-04 
03C17R 9 9.63E-04 8.65E-04 

Total/Average 14 0.0008 0.00069 
 

Crack ID No. of Data EIFS Based on βu EIFS Based on βu7 
03D13R 4 3.48E-04 2.47E-04 
03D15L 20 8.76E-04 1.16E-03 
03D15R 19 7.94E-04 1.07E-03 

Total/Average 43 0.00067 0.00083 
 
 

TABLE E-4.  AVERAGE EIFS FOR EIFS-4 
 

Crack ID No. of Data EIFS Based on βu EIFS Based on βu7 
04C09R 8 1.23E-04 3.40E-04 
04C10R 6 1.23E-04 3.39E-04 
04C11R 9 1.20E-04 2.82E-04 
04C12R 8 1.23E-04 3.38E-04 

Total/Average 31 0.00012 0.00032 
 
 

TABLE E-5.  AVERAGE EIFS FOR EIFS-7 USING ORIGINAL TEST RESULTS 
(βu  are identical to βu7 for the original set of EIFS-7 test data) 

 

Crack ID No. of Data 
EIFS Based on  

βu and βu7 
07A06L 38 9.91E-04 
07A06R 54 1.25E-03 
07A07L 28 8.27E-04 
07A07R 36 4.80E-04 
07A08L 10 2.57E-04 
07A12R 50 8.06E-04 
07A13R 42 5.63E-04 
07A14L 38 1.56E-03 

Total/Average 296 0.00084 
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TABLE E-6.  AVERAGE EIFS FOR EIFS-7 USING COMPLETE TEST RESULTS 
 

Crack ID No. of Data EIFS Based on βu EIFS Based on βu7 
07A06L 38 6.70E-04 4.82E-04 
07A06R 60 8.90E-04 6.85E-04 
07A07L 28 5.68E-04 4.27E-04 
07A07R 36 3.06E-04 3.39E-04 
07A08L 10 1.60E-04 2.01E-04 
07A12R 50 5.33E-04 4.74E-04 
07A13R 42 3.66E-04 3.96E-04 
07A14L 38 1.17E-03 6.41E-04 
07A14R 55 6.67E-04 5.40E-04 
07A15R 46 5.03E-04 5.29E-04 
07A16L 31 6.42E-04 4.80E-04 
07A16R 19 1.39E-04 1.76E-04 
07A17L 39 4.08E-04 3.77E-04 
07A17R 57 9.99E-04 7.68E-04 

Total/Average 549 0.00057 0.00047 
 
 

TABLE E-7.  AVERAGE EIFS FOR EIFS-8 
 

Crack ID No. of Data EIFS Based on βu EIFS Based on βu7 
08A10L 31 1.31E-03 5.12E-04 
08A10R 27 1.30E-03 4.98E-04 
08A19L 6 9.31E-04 3.60E-04 

Total/Average 64 0.0012 0.00046 
 
 

TABLE E-8.  AVERAGE EIFS FOR EIFS-9 
 

Crack ID No. of Data EIFS Based on βu EIFS Based on βu7 
09A05L 5 4.44E-05 7.67E-05 
09A05R 9 4.01E-05 6.69E-05 

Total/Average 14 0.00014 0.00007 
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TABLE E-9.  AVERAGE EIFS FOR EIFS-10 
 

Crack ID No. of Data EIFS Based on βu EIFS Based on βu7 
10F05R 11 3.02E-04 1.93E-04 
10F06L 11 3.35E-04 2.25E-04 
10F06R 11 3.57E-04 2.45E-04 
10F07L 9 3.21E-04 2.17E-04 
10F07R 5 3.28E-04 2.26E-04 
10F08L 19 3.70E-04 2.40E-04 
10F08R 10 3.15E-04 2.09E-04 
10F10R 9 4.01E-04 2.80E-04 

Total/Average 85 0.00034 0.00023 
 

TABLE E-10.  AVERAGE EIFS FOR EIFS-11 
 

Crack ID No. of Data EIFS Based on βu EIFS Based on βu7 
11F06L 6 3.10E-04 2.74E-04 
11F06R 9 3.58E-04 3.26E-04 
11F07L 7 3.10E-04 2.78E-04 
11F07R 8 3.13E-04 2.84E-04 
11F08L 5 2.91E-04 2.27E-04 
11F08R 8 2.80E-04 2.33E-04 
11F09R 7 3.45E-04 3.39E-04 
11F10R 9 3.29E-04 3.14E-04 

Total/Average 59 0.00032 0.00028 
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FIGURE E-50.  COMPARISON OF CRACK GROWTH HISTORY FOR EIFS-3, ROW C, 
USING BEST-MATCHED βu 

 

 
 

FIGURE E-51.  COMPARISON OF CRACK GROWTH HISTORY FOR EIFS-3, 
ROW C, USING βu7 
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FIGURE E-52.  COMPARISON OF CRACK GROWTH HISTORY FOR EIFS-3, 

ROW D, USING BEST-MATCHED βu 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIGURE E-53.  COMPARISON OF CRACK GROWTH HISTORY FOR EIFS-3, ROW D, 

USING BEST-MATCHED βu7 
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FIGURE E-54.  COMPARISON OF CRACK GROWTH HISTORY FOR EIFS-4 USING 

BEST-MATCHED βu 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIGURE E-55.  COMPARISON OF CRACK GROWTH HISTORY FOR EIFS-4 USING 

BEST-MATCHED βu7 
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FIGURE E-56.  COMPARISON OF CRACK GROWTH HISTORY FOR EIFS-7 USING 

BEST-MATCHED βu 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIGURE E-57.  COMPARISON OF CRACK GROWTH HISTORY FOR EIFS-7 USING 

BEST-MATCHED βu7 
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FIGURE E-58.  COMPARISON OF CRACK GROWTH HISTORY FOR EIFS-8 USING 

BEST-MATCHED βu 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIGURE E-59.  COMPARISON OF CRACK GROWTH HISTORY FOR EIFS-8 USING 

BEST-MATCHED βu7 
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FIGURE E-60.  COMPARISON OF CRACK GROWTH HISTORY FOR EIFS-9 USING 

BEST-MATCHED βu 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIGURE E-61.  COMPARISON OF CRACK GROWTH HISTORY FOR EIFS-9 USING 

BEST-MATCHED βu7 
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Number of Cycles 

FIGURE E-62.  COMPARISON OF CRACK GROWTH HISTORY FOR SPECIMEN NO. 10 
USING BEST-MATCHED βu 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIGURE E-63.  COMPARISON OF CRACK GROWTH HISTORY FOR EIFS-10 USING 

BEST-MATCHED βu7 

E- 98



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
FIGURE E-64.  COMPARISON OF CRACK GROWTH HISTORY FOR EIFS-11 USING 

BEST-MATCHED βu 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIGURE E-65.  COMPARISON OF CRACK GROWTH HISTORY FOR EIFS-11 USING 

BEST-MATCHED βu7 
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FIGURE E-66.  COMPARISON OF CRACK GROWTH HISTORY FOR EIFS-15 USING 

BEST-MATCHED βu 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIGURE E-67.  COMPARISON OF CRACK GROWTH HISTORY FOR EIFS-15 USING 

BEST-MATCHED βu7 
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